Abstract: A novel plasmonic Mach-Zehnder interferometer is proposed with a nonlinear polymer. Orthogonal junction coupling between silicon and plasmonic waveguides is exploited to omit the need for tapers, and in turn, reduce the footprint. An extinction ratio of about 16 dB is produced at a voltage-length product of 47 V μm. An insertion loss of 3.38 dB is achieved including the coupling to and from the silicon access waveguide. The orthogonal coupling provides wideband operation, high efficiency, low loss, and compact size for our design.
Introduction
Electrical interconnects limit the processors computational power, due to the RC delay in communication within the cores of the processor and between different cores. Optical Interconnects that have the privilege of working at much higher speeds offers a good solution for such problem [1] , [2] . A key component in any on chip optical system is the electro-optic modulator. High compactness, low Power consumption, large extinction ratio, and high speed are the most desirable properties of the electro-optic modulator.
Silicon photonics technology has attracted considerable attention in the last decade due to its ability to fabricate low loss waveguide based components. Modulation, in general, occurs through utilizing nonlinear effect, or through utilizing index change induced due to free carrier injection [3] - [6] . However, silicon photonic devices miniaturizing in the nano-scale is not easy due to the diffraction limit.
Plasmonics, on the other hand, has the unique ability of confining light in metal-dielectric interfaces in the nano scale. Hence, it can increase the light-mater interaction and allow for shorter devices compared to silicon photonics [7] . On the other hand, plasmonics suffer from high propagation losses and should be compact in size to alleviate this drawback. A hybrid technology that exploits the low path losses advantage of silicon photonics and the tight light confinement of plasmonic devices can be an attractive platform specially for on chip modulators [6] , [8] , such a hybrid Plasmonic modulators, can be built using various configurations including resonance topology, electro-absorption, and interference mechanism. Plasmonic resonators have a relatively small footprint, and low power consumption [13] . However, they suffer from high sensitivity to temperature and process variations, requiring them stabilization circuitry, and in turns more power and area consumption [14] . On the other hand, Mach-Zehnder doesn't suffer from temperature and process variations, as these variations usually cancel out in the symmetric arms of the Mach-Zehnder [15] . Electro-absorption modulator, on the other hand, dissipates more heat than the other modulators [16] , [17] . Graphene and Indium Tin oxide (ITO) are widely used for such applications [18] - [22] . Lastly, interferometer modulators including Mach-Zehnder modulators (MZM) for example, are low power consumers, but they lack the small footprint advantage of their competitors and hence higher insertion losses are expected [22] - [24] .
In this paper, we utilize the advantages of both the plasmonic organic MZM and the orthogonal junction coupler presented in [25] , [26] . These two platforms together are able to make a good compromise between modulator length, footprint, extinction ratio, insertion loss, and energy consumption relative to the previous works, as will be shown latter. The orthogonal junction enables direct coupling between silicon interconnects used in routing data, and plasmonic waveguides of the MZM, without the need for a tapering or any special junction, this advantage is the main source of enhancement in our design.
In the next section, we present the working principle of the modulator. The third section presents the design methodology and optimization process of the modulator. The fourth section presents the results accompanied by a discussion of the work significance.
Operation Principle
The MZM device consists of input silicon waveguide, coupled to a plasmonic slot orthogonal junction, that is connected to the plasmonic slot arms of the MZM. Lastly the MZM arms are coupled to the output silicon waveguide again through an orthogonal coupler, as shown in Fig. 1 . The waveguides are optimized such that lateral momentum component of the silicon waveguide mode matches the momentum of the plasmonic slot waveguide (PSW) to ensure maximum coupling between the two waveguides. This approach has theoretically and experimentally been verified to provide efficient, wide band, non-resonant coupling from/to silicon waveguides to/from PSWs [25] , [26] .
The plasmonic waveguide core is filled with a nonlinear electro-optic polymer (EOP) that exhibits the Pockels effect. If no voltage is applied, the light propagates to the combiner, where the fields interfere constructively, Fig. 2(a) . Once the voltage is applied, the refractive indices of the upper and lower paths differ, so the light propagate in each arm at different speed. The length of the plasmonic waveguide is designed to induce sufficient phase difference between the two paths to create a destructive interference at the combiner as shown in Fig. 2 
(b).
Positive voltage is applied on the middle silver island, and a ground is applied on the exterior silver islands as shown in Fig. 1 . Accordingly, the electric field direction is outward from the middle metal island. The PSWs along the y-axis located at the splitter and the combiner, have an electric field direction in the negative and positive x-direction respectively. This biasing method is called the push-pull configuration. Only the plasmonic waveguide parts along the x-axis in each arm will have a different field direction, in turns, they will be the only contributors in creating the phase difference accumulation.
It is worth noting that the Silicon-PSW orthogonal junction designed in [25] , [26] were optimized, where the slot was air filled. Now the slot is filled with the EOP which increases the momentum of the plasmonic mode inside the slot. This required a modification of the original design to allow for better matching, efficient splitting, and minimize the reflection to the main waveguide. Accordingly, the design has been optimized with two major modifications. The first one, is the addition of silver triangles to the middle metal island at the splitter and combiner. The silver triangles help in guiding the power in the splitter and out of the combiner. Also, they decrease the reflections from the orthogonal junction combiner which cause an undesired cavity effect for the proper work of the MZM. The base side of the isosceles silver triangle is equal to the width of the silicon waveguide. The second modification is using a 100 nm flat metal surface instead of the tapered one at the combiner, as shown in Fig. 1 , this is found more capable of distributing the power at the output of the silicon waveguide, such that the fields interfere destructively in a more efficient way, which enhances the extinction ratio.
Our Novel Designs
A full electromagnetic analysis based on the finite-difference time-domain method is utilized to verify the design concept and optimize the design using [27] . The smallest mesh size is 10 nm. 2D simulations were used as a preliminary step for 3D simulations. Throughout 2D simulations, the Si on SiO2 waveguide were modeled using the effective index method. In 3D simulations, the refractive index of Si and SiO2 were chosen to be 3.45 and 1.45 respectively. The Johnson-Christy material model is used for silver [28] , which is an experimentally verified model. The effect of the angle of the wedge with the silicon waveguide at the input side is minor as long as it is between 45 degrees and 80 degrees. The polymer used is Dispersive Red 1-poly-methyl-methacrylate (DRI-MMA) side chain copolymer [30] . The electro-optic side chain copolymers are known to be stable and can be used in long term photonic devices [30] . The thickness of the polymer layer is the same as surrounding silver. Fig. 3 shows the transmission of the modulator Vs Si waveguide width, at a slot gab size of 100 nm, with arbitrary arm lengths, the 400 nm is chosen for maximum coupling. The height of the silicon waveguide was chosen to be 340 nm to match a typical sold silicon on insulator (SOI) wafer. The refractive index change of the polymer by Pockels effect follows (1) [29] . Where n 0 is the refractive index of the polymer at no voltage, it is equal to 1.6, r33 is the electrooptic coefficient of first order nonlinearity of the polymer, it is equal to 300 pm/V [30] , and E is the electric field across the polymer. The electric field is V/g, where V is the voltage difference across any of the two arms of the Mach-Zehnder, g is the slot width of the plasmonic waveguide. The sign in (1) can be positive or negative according to the direction of the applied electric field. We chose g to be 0.1 μm to be convenient for future fabrication. The device is feasible to be fabricated using electron beam lithography similar to the design in [24] .
By applying 10 V on the middle silver area, the refractive indices of the polymer of each arm are calculated using (1) , and the effective indices of the plasmonic waveguides are calculated using modal analysis [27] . Both refractive and effective indices are shown in Table 1 . The large variation in the effective index is an evidence on the high light-matter interaction and confinement.
The phase delay is related to the propagation constant through βL = ∅, where L is the MachZehnder arm length, ∅ is the phase difference on the ends of each arm, and β is the propagation constant of the plasmonic mode. The length of the modulator is as given by (2) .
The length is calculated to be 4.33 μm. Through 3D simulations, on applying 10 V, the optimum value for the length of the arms, at which the modulator has minimum transmission, was found to be 4.7 μm. Consequently the length of the plasmonic waveguide along the x direction is 4.7 μm and the sides along the y direction were chosen to be 0.6 μm, which is lower than previous published work as will be shown latter. The main performance enhancer is the addition of the orthogonal coupling junctions which is shorter than the tapper junctions used before [24] .
Modulator Characteristics
To be able to quantify the performance of an optical modulator, few important measures should be calculated. The main parameters are the extinction ratio, insertion loss, dimensions, bandwidth, energy per bit, and the reflections. Each of these parameters are defined, compared and discussed with the state of the art values in the following subsections.
The main output of our analysis -from which we will discuss most of the modulator metrics -is the transmission (output power/input power) of the modulator, shown in Fig. 4 . The transmission curve was calculated from 3D simulations for two cases. The first at biasing voltage equal to 10 V, and the second for biasing voltage equal to 6V. The main parameters of the modulator is extracted in Table 2 for the 1.55 μm wavelength. The parameters for state of the art designs in literature are added to the same table. The designs presented in the table are: [23] , [25] which are plasmonic MZM with tapered couplers of different configurations, and [20] which is an electro-absorption modulator.
Extinction ratio is a key parameter in modulators, it quantifies the strength of modulation by measuring the difference between the output power in the on and off states. 3D simulations were done to get accurate values for extinction ratio at 10 V and 6 V biasing. An extinction ratio of 15.8 dB is calculated at 10 V, and approximately 11 dB is calculated at 6 V, both at 1.55 μm.
To show the superiority of this performance, we compared our results to state of the art MZM. Our device has higher extinction ratio than the 6dB presented in [24] and the 7.3 dB presented in [23] , as shown below in Table 2 . Both designs presented in [23] , [24] use different configurations of tapered couplers; that shows the effectiveness of using orthogonal coupling. Also we compared our work to a state of art electro-absorption modulator presented [20] , and our device also shows higher extinction ratio as shown in Table 2 below.
Insertion loss is a critical measure for the optical losses in the device. Higher losses in any of the devices in an interconnect system, means more energy consumption in the whole processor; energy consumption is a critical issue in processors. The optical losses include the coupling and waveguide and material losses. Our device shows 3.38 dB and 4.6 dB at 10 V and 6 V biases, respectively. This performance is a step ahead the previously published work in plasmonic MZM as shown in Table 2 below. A main target of our work is to enhance the size of the MZM. the main parameter that quantify the size of a MZM is the voltage length product. Our device shows 47 Vμm voltage length product, which is 21.5% lower than the state of the art plasmonic MZM presented in [24] .
Optical bandwidth can be quantified from the transmission response in Fig. 4 , the 6 V biased modulator, shows a wide band operation specially for the region starting from 1.3 μm till 1.55 μm.
The 10 V biased modulator shows a narrow band response, due to the ripples in the response. These ripples in the transmission response is due to a resonating wave that bounces between the two orthogonal junctions. This resonance effect is more evident in the 10 V modulator because it has a shorter length, in turns lower losses and higher quality factor. Electrical bandwidth determines the maximum bit rate of the modulator. Since our device is smaller than the one reported in [24] and the same electro-optic material is used, then it is estimated to have at least the same bit rate that exceeded 54 Gbit/s.
The energy per bit consumption for the modulators in optical interconnects should be as low as 50 fJ bit-1 [31] . We estimated the energy consumption using a capacitance model, the capacitance is calculated analytically. Our modulator is below this limit at both the 10 V and 6 V biased modulators. In comparison to the modulators presented in Table 2 , our 6 V biased modulator shows similar energy per bit value to [24] , and both our devices show lower values than the electro-absorption modulator presented in [20] . Resonators show lower energy consumption, but as mentioned before, resonators are much less stable against process and temperature variations [14] , [15] .
Lastly, the coupling losses in both modulator arms ranges between 1.87 dB to 0.97 dB in the range of wavelength between 1.4 μm to 1.6 μm, in the on state of the 10 V biased modulator as shown in Fig 5. In the off state, the coupling decreases due to the effective index contrast between the silicon and plasmonic waveguides.
Conclusion
An organic plasmonic Mach-Zehnder modulator was presented. We took advantage of the orthogonal junction coupling technique. The footprint of the modulator is decreased to 0.6 μm × 4.7 μm by the omission of the tapering sections used before [24] to couple in and out of plasmonic waveguides. Extinction ratio of 15.8 dB and insertion loss of 3.38 dB at 10 volts was achieved in the 3D simulations. The voltage length product for the modulator is 47 V μm. The orthogonal junction coupler enhances the extinction ratio and insertion loss of the organic Mach-Zehnder plasmonic modulator, while keeping the voltage length product approximately the same.
